Si-based nanoparticles, nanochains and nanowires were synthesized by smelting reduction method which includes a high temperature carbothermic reduction of silica-rich melt to SiO vapor and transfer of the vapor with Ar carrier-gas to cooler surfaces inside the experimental reactor where the nanoparticulates were deposited. Features of the process have been discussed in our previous paper. In this paper, the synthesized nanoparticulates were characterized by using XRD, XPS, EDX, TEM and HRTEM analysis. The deposition temperature was found to be the crucial parameter governing the nanoparticulate morphology and phase composition. The nanowires were obtained in the high temperature range of 1320-1570 K. It is found that the as-obtained nanowires were composed of a SiC core and an amorphous sheath of silicon suboxide. The nanowires had diameter ranging from 20 to 60 nm and length up to several microns. The rounded nanoparticles of 30-50 nm in diameter were deposited at locations under temperatures lower than 920 K. They were mainly composed of amorphous silicon suboxide which could be decomposed under certain conditions yielding Si nanocrystallites embedded into the oxygen enriched suboxide matrix. The nanocrystallite size was estimated to be of 3-8 nm although much larger, up to 50 nm, Si crystals were detected at high temperature locations.
Introduction
In the previous study, 1) we proposed a process for production of silicon based nanoparticulates by smelting reduction method which includes a high temperature carbothermic reduction of silica-rich SiO 2 -Al 2 O 3 -CaO melt to SiO vapor and transfer of the vapor with a carrier-gas to lower temperature zones inside the experimental reactor where the vapor was deposited on the walls of graphite tube and filter. Both temperature and gas flow conditions were found to be of prime importance in controlling the process yield, purity and morphology of the obtained products. Depending on deposition temperature, the as-obtained product presented rounded nanoparticles, nanoparticle chains or nanowires. The bulk composition of these materials was estimated in the previous study, although the detailed structure as well as phases in the nano-scale materials were not clear.
In this paper, we examined the synthesized nanoparticulates for phase composition and obtained more detailed information about their structure and morphology which, in many respects, determines the practical applicability of nanomaterials.
Experimental and Instrumentation
The crystalline phases of the nanomaterials were detected by X-ray diffraction using Rigaku RINT 2000 equipment with Cu-K radiation. The analysis was performed at a scanning rate of 3.0 degree per minute. To find out details about phase transformation in the experimentally obtained materials, a powdered pure polycrystalline silicon, silicon carbide, glassy silica and amorphous silicon monoxide were used as standard samples. The standard Si and SiC powders were preliminary annealed at 1373 K during 180 min in inert atmosphere for removal of internal microstrains. The volume fraction of crystalline Si and SiC phases in the obtained nanomaterials were determined by means of the calibration curve method using several standard samples of Si and SiC mixture. Besides, the mean size of Si and SiC crystallites was estimated in accordance to the Scherrer equation.
The structure, morphology and local elemental composition of the nanomaterials were characterized using a 300 kV transmission electron microscope, JEM-3010 equipped with energy dispersive X-ray (EDX) spectroscopy. The specimens for transmission electron microscopy were prepared by dispersing the nanoparticles in ethanol ultrasonically after which the ethanol drops were transferred onto a TEM Cu grid. In some cases, in order to obtain more clear information on the nanoparticulate structure, the as-obtained deposit was etched with hydrofluoric acid prior to characterization. For this purpose, a small amount of the material was put into a ultrasonically agitated HF bath for 1 hour at temperature of 333 K. As preliminary tests showed, the HF etching allows only silica to dissolve while silicon, silicon carbide and silicon monoxide remain stable in HF.
With regard to limitations of XRD analysis in detecting crystalline phases in the presence of a large amount of amorphous phase, the obtained nanomaterials were selectively examined by X-ray photoelectron spectroscopy (XPS). The XPS spectra were recorded using a PHI 5600 spectrometer (ESCA System) operated at a power of 400 W with Mg K radiation (1253.6 eV) and analyzing spot size of 700 Â 700 mm. Because XPS has a very small information depth (< 10 nm), the surface of XPS specimens was previously sputtered with a 3.0 KeV Ar þ ion beam for 20 min to remove contaminations from the surface and to gain information about the internal composition of nanomaterials.
The concentration of Si, Al, Ca, C and O was measured by means of EPMA (JEL JXA-8200) equipped with the energy dispersive X-ray (EDX) and wave length dispersive X-ray (WDX) analysis. The same techniques were used also to investigate the element distribution over crucible residues. The measurements were performed at a beam accelerating voltage of 15 kV and current of 30 nA under a take-off angle of 38 . In order to elucidate the reaction mechanism we carried out thermochemical calculations by using the FactSage package (Version 5.3.1, CRCT-Thermfact Inc., Montreal and GTT-Technologies, Aachen).
Results and Discussion

Phase composition of as-obtained nanoparticulates
The phase composition of as-obtained material was identified by XRD analysis. As it has been discussed in our previous study, 1) the deposition temperature, T d , is of prime importance in determining the process yield, chemical composition and morphology of synthesized materials. The results of XRD analysis revealed that phase composition was also strongly dependent on the deposition temperature. Figure 1 shows the XRD patterns of samples obtained at various deposition temperatures, T d . The samples were taken from the surfaces of graphite rings fixed at different locations inside the graphite outlet tube as it was described in our previous study. that the material is composed of amorphous SiO under these conditions. As the deposition temperature increases up to 1070 K, the broadened SiO peak begins to split into two peaks as Fig. 1(b) suggests. The left one is well coincident with that of SiO 2 ( ¼ 20{22 ) shown in Fig. 2 . The right peak indicates formation of Si nanocrystals at T d > 1070 K. At higher temperatures, 1310-1620 K, the broad SiO 2 peak and sharp silicon peaks can be observed more clearly. The same tendency can be seen from Fig. 2 . Thus, during annealing, amorphous SiO decomposes into Si nanocrystals and amorphous SiO 2 with the decomposition degree increasing with annealing time. This phenomenon is well known from the relevant literatures (for example 1) ) as reaction of SiO disproportionation which can be expressed by eq. (1).
It is obvious that the reaction rate should be increased with temperature. Another crystalline phase detected under the present conditions was -SiC. At least, three SiC-related peaks can be observed in Fig. 1 . Moreover, the SiC peak intensity increases from pattern (d) to (f) suggesting that amount of SiC in the deposited material increases as the deposition temperature rises from 1310 to 1620 K. In the range of 1070-1310 K, the sample amount was too small to be analyzed by XRD.
At T d ¼ 1790 K, the phase composition was too complicated for identification by XRD method. As shown in the previous study, 1) the deposit contained much Al and Ca at higher temperatures of deposition. Hence, some peaks in Fig. 1(g) can be attributed to complex phases of Al-Ca-Si oxides which are of no interest in the present study.
Thus, the as-obtained deposits produced in the range of 1310-1620 K consisted of the three phases: amorphous SiO 2 or suboxide SiO x , crystalline cubic Si and -SiC (Figs. 1(c) -(f)). The lattice constants of Si and -SiC were found to be 0.5428 and 0.4304 nm, respectively. As can be seen in Fig. 1 the shape of all observed diffraction peaks depends on deposition temperature indicating modification of deposits Relative intensity Degree, 2θ structure and composition with temperature. It is interesting to estimate quantitatively the deposit phase composition at various temperatures from the XRD results. Table 1 presents the estimation results. The weight fractions of crystalline Si and -SiC phases were calculated from the appropriate fractions volume which in turn were determined by the commonly used method of XRD phase quantification based on the integral intensity of Si and -SiC standard samples. The weight fraction of amorphous SiO x was taken as the remainder of the sum of Si and -SiC fractions. Then, the weight fractions were converted to atomic fractions of Si, C and O assuming that x in formulae SiO x equals 1 or 2. The right three columns in the table indicate atomic fractions determined from the results of WDS measurements. It is to be noted that, in the strict sense, the method of quantitative phase analysis is applicable to systems composed of crystalline phases only. In the presence of amorphous and nanocrystalline phases, the tails of broad diffraction peaks are truncated by the amorphous halo leading to uncertainties in the integrated intensity. Therefore, the estimated values of phase weight fractions may have a lack of precision. A comparison between the atomic fractions estimated from XRD analysis and those determined from WDS measurements shows the following. As seen from Table 1 , the XRD-based estimations made for x ¼ 1 is closer to the WDS-based measurements than those made for x ¼ 2. This suggests the existence of silicon suboxide in the form close to silicon monoxide, SiO. The XRD measurement results agree well with the WDS data for Si atomic fraction.
On the other hand, there is a discrepancy between the XRD and WDS measurements for atomic fractions of O and, especially, C. Generally, the WDS results indicate higher fractions of O and lower fractions of C as compared to the corresponding XRD-based measurements. The reason of this discrepancy is yet to be clarified in the future, although the discrepancy could be partly owing to the above mentioned uncertainties in evaluating the weight fractions by XRD.
3.2 Morphology and elemental composition of obtained nanomaterials As it follows from Figs. 1 and 2, the diffraction lines of both the Si and SiC phases of the obtained samples were noticeably broadened in comparison with standard samples, indicating the presence of nanostructures. We made an attempt to estimate the mean crystallite size using the Scherrer equation. Because the presence of amorphous silicon suboxide phase makes the use of (111) peaks for the estimations impossible, the mean crystallite size was estimated from the (220) peaks.
First, in order to clarify the reason of the diffraction peak broadening, we evaluated the ratio of full width at half maximum (FWHM) of Si(440) peak to FWHM of Si (220) peak, and compared the result with the ratio of cosines of the corresponding angles. The comparison revealed that Si(440) FWHM/Si(220) FWHM is approximately equal to cos Si(220) = cos Si(440) . This suggests that the diffraction peak broadening is caused only by small crystallite sizes and Sherrer equation can be applied here.
12)
The estimation results are presented in Table 2 as a function of temperature. According to the results, there is a tendency for the crystallite sizes to increase with temperature. This finding coincides qualitatively with the SEM observations discussed earlier. 1) For example, it was found that in the temperature range of 1490-1580 K, the asobtained deposit is composed of nanowires the diameter of which was estimated as 40-60 nm. It is worthy of note, however, that analyzing crystallite size by means of SEM view is very hard since both the Si and SiC crystallites may be covered with a shell of amorphous SiO x . The further discussion of nanostructure of the obtained materials will be made on the basis of TEM analysis.
As reported in our previous paper, 1) the morphology of asobtained material varies from nanowires at high temperature locations to rounded nanoparticles at locations of lower temperatures. Besides, the particles were found to form the particle chains and agglomerates under intermediate temperatures. According to the results of TEM observations, the nanowires present smoothly curved wires with diameter ranging from 20 to 80 nm and length up to several microns. Figure 3 is a high-resolution TEM image of the tip of a nanowire showing that it consists of a core and an amorphous sheath. ED pattern inset shows crystalline nature of the core.
To elucidate structure of the core and sheath more clearly, the nanowire-containing samples were etched by hydro- Ã Two values at these columns represent fractions estimated for x ¼ 2 and 1, respectively fluoric acid and analyzed by TEM again. The etching procedure was described in the previous section of the present paper. Figure 4 presents a TEM image of a typical nanowire after etching. One can readily see that the nanowire is free of sheath. Fast solution of the sheath in HF suggests that it is composed of SiO 2 . The EDX spectrum (inset of Fig. 4) clearly shows that the nanowire core consists of the silicon carbide because the averaged atomic ratio of Si to C is 0.93. The copper peak presents because a Cu TEM grid was used. The alternate black and white strips can be attributed to the stacking faults which are known to be related to the SiCformation kinetics.
2,3)
As the deposition temperature decreases, the particle shape becomes more complicated. According to the SEM observations 1) the deposit, grown at temperature of 920-1320 K, contains the nanoparticle chains and agglomerates. Figure 5 shows a bright field TEM image for a nanoparticle agglomerate collected from the location under 1120-1220 K. As can be seen from the image, nanosized particles of different shapes are randomly distributed over the examined region. Their size is ranged from a few nm to about 50 nm. The inset figure presents SAED pattern obtained from this region. Identification of the pattern revealed that the diffraction rings correspond to polycrystalline cubic silicon. Indices of the first four rings are also shown in the figure. It is interesting to compare the size of Si nanoparticles observed by TEM with that estimated from the XRD analysis. The XRD data showed that the lower the deposit temperature the smaller is the Si nanoparticles as shown in Table 2 . Based on this tendency, one can estimate the averaged size of Si particles at 1120-1220 K to be about 20 nm. This value agrees well with the above results of TEM observations. Examination of the nanoparticle agglomerates with EDX indicated that they contained O and C besides Si. Carbon presents seemingly in the form of SiC, in accordance with the results of XRD analysis shown in Fig. 1 . Figure 6 is a TEM image of typical rounded nanoparticles deposited inside the graphite tube at low temperature locations (<920 K) and on the filter. Although the nanoparticles are observed as an agglomerate, the shape and size of single particles are distinguishable well in the figure. The single particles are mostly spherical with diameter ranging from 30 to 50 nm. These data accord well with the SEM observations illustrated in Fig. 6(a) in the previous report by the present authors. 1) Checking for crystallinity of these nanoparticles indicated the presence of amorphous phase only. Following EDX examination revealed the average atomic ratio of Si to O to be 0.88 indicating that the nanoparticles are largely composed of silicon monoxide.
Crystalline nuclei were detected inside the amorphous SiO x particles as exemplified by a HRTEM image in Fig. 7 . These particles were obtained at the upper part of graphite tube where temperature, though higher than that at the filter temperature, remains appreciably lower than the temperatures at which crystalline silicon was revealed by XRD (Fig. 1) . The broken lined circles give an indication of the nucleus size. As can be seen from the figure, the nuclei are within the size of 3-8 nm. Inasmuch as the EDX analysis showed the availability of Si and O only in such nanoparticles, we concluded that the observed nanocrystallites are nuclei of metallic silicon embedded in a matrix of amorphous SiO x . The inset picture is the enlarged view of a nanocrystalline area obtained by the 2-Dimensional Fast Fourier Transforms (2D FFT). The interplanar spacing was estimated to be 0.218 nm that corresponded to cubic silicon (112) plane. The finding of silicon nuclei is of crucial importance because it suggests that crystalline silicon can be obtained at locations of lower deposition temperatures characterized by very low content of carbon and absent of metal impurities. Further XPS examinations of as-obtained samples taken from the filter provided an additional confirmation of the suggestion. An XPS survey spectrum of an unsputtered sample indicated a number of predominant peaks due to oxygen, silicon and carbon.
After sputtering the XPS survey spectrum was taken again analysis of which showed the same elements although intensities of oxygen and especially carbon peaks decreased significantly relative to the silicon peaks. This suggests that the sample surface contains a contamination layer consisting primarily of carbonaceous substances. Since it is generally believed that hydrocarbons are commonly encountered impurity in XPS system (for example, 4, 5) we used the C 1s hydrocarbon peak at 285.0 eV for charge correction. Figure 8 shows the measured Si 2p photoelectron spectrum (dots) and the fitting results (thick line) of a sample taken from the filter. The silicon suboxide stoichiometry, SiO 1:6 was estimated by measuring the O 1s and Si 2p peak areas and height intensity factors. On deconvolution, the best fit of the measured spectrum was obtained with three curves corresponding to a Si-O bond in SiO 2 (Si 4þ ) at $103:6 eV, a Si-O bond in Si 2 O 3 (Si 3þ ) at $102:4 eV and a Si-Si bond in silicon (Si 0 ) at $99:7 eV as depicted in Fig. 8 by appropriate thin lines. The first and third deconvolution peaks were identified using available reference data. 6) The second peak at $102:4 eV was assigned to Si 3þ according to the results of Durrani et al. 7) They examined thin films of SiO x with values of x ranging from 1.13 to 1.89 by XPS and showed that film with x > 1:65 can include only two oxide components corresponding to Si 3þ at 102.7 eV and Si 4þ at 103.8 eV. The other authors 8) reported also that films of SiO 1:3 stoichiom- and Si 0 states, respectively. It is notable that XPS measurements showed larger oxygen concentration in the silicon suboxide as compared to that obtained by WDX measurements presented in our previous paper. 1) This inconsistency can be explained by the fact that XPS analysis is very sensitive to the presence of oxygen on the sample surface while EPMA indications show bulk concentration. Obviously, such a surface oxidation could occur during the nanoparticle formation. Besides, the surface oxidation can be responsible for lower concentrations of metallic silicon measured by XPS as compared to those in the nanoparticle bulk although additional investigations are needed to make clear this point.
In addition to the above considered nanoparticles and nanowires, the as-obtained deposit sometimes contained large spherical particles with diameter ranged from few tens to few hundred nanometers. They appeared at relatively high rates of Ar gas flow. Most often, the large particles were found in the deposit collected at high-temperature zones together with SiC nanowires as shown in Fig. 9 by arrows. EDX and ED analysis of the particles revealed that they are composed of crystalline silicon. Formation mechanism of these particles remains unclear and requires further investigations.
Formation mechanism of Si-based nanomaterials
The obtained experimental results provide evidence allowing us to make some assumptions on the formation mechanism of Si-based materials under our experimental conditions. As mentioned above, the proposed process is based on the carbothermic reduction of silica-rich melt to SiO vapor and transfer of the vapor with CO and Ar carrier-gas to cooler parts of the experimental reactor. Then, the further behavior of SiO vapor and CO containing gas is affected by a number of factors which will be considered below.
As the gas moves up inside the graphite tube, its temperature decreases. As a result, the gas becomes supersaturated in SiO that can cause a homogeneous nucleation of SiO particles. The possibility of homogeneous nucleation is suggested by a comparative analysis of our data with those reported in the literature. Nuth and Donn investigated the vapor phase nucleation of SiO particles experimentally and theoretically. 9) In their experiments, the SiO vapor was produced by thermal evaporation of a solid silicon monoxide sample inside a reactor under a H 2 atmosphere at the total pressure of 2-50 Torr. Then, in order to initiate nucleation of SiO particles, the vapor was transferred to a cooler part of reactor maintained at the temperatures of 750-1000 K The onset of nucleation was indicated by a decrease in the intensity of light beam transmitted through the gas volume at this part of reactor. Based on the obtained results, the authors derived a relation between partial pressure of SiO vapor, P SiO 
The authors extrapolated their results to higher temperature ranges and showed that the extrapolated line agreed fairly well to experimental results obtained by other reseachers at much higher temperatures, 1250-2200 K. It is also noteworthy that Nuth and Donn estimated the size of initial SiO nucleus to be about 20 nm under their experimental conditions. In our experiments, the size of particles deposited at cooler parts of experimental setup was approximately 30-50 nm that is almost similar to the size estimated by Nuth and Donn 9) . In our experiments, the average partial pressures of SiO, P SiO and CO, P CO in Ar-CO-SiO gas mixture were estimated to be about 1200 and 6900 Pa, respectively. The estimations were made on the basis of experimental results presented in our previous paper. 1) Thus, amount of SiO in the gas mixture was evaluated from the measured weight and chemical composition of the as-obtained deposit assuming that all the Si-containing materials were formed via the SiO vapor phase. Amount of CO was determined from CO concentration and flow rate of post-reaction gas.
With this value, from eq. (2), one can obtain T c ¼ 1760 K. Taking into account that total pressure and gas composition in our experiments were rather different from those in the above cited work, this temperature can be considered only as a very rough estimation. Nevertheless, it agrees well with experimental observations because the results of the present authors' previous study indicated the temperatures at which a significant amount of deposit was observed ranges from 1700 to 1750 K.
In order to elucidate chemical reactions governing the nanoparticulate formation, we made an attempt to analyze the possibility for proceeding the main reactions under given partial pressures of SiO and CO, and temperature thermodynamically. The Gibbs energy of the appropriate reactions was calculated as a function of temperature for the averaged pressures of SiO, P SiO ¼ 1200 Pa and CO, P CO ¼ 6900 Pa. The temperature was varied in the range of 1073-1973 K. The calculations were made by using the thermochemical software and database FactSage mentioned earlier.
The calculation results allowed the following conclusions. Under the given experimental conditions, there are at least three reactions between SiO, C and CO resulting in formation of SiC:
In the relatively high temperature range of 1310-1620 K, where the first indications of SiC nanowire growth was found, the most of initial SiO was converted to SiC according to reactions (3)-(5). The nanowire growth mechanism is assumed to be similar to that reported on the synthesis of SiC nanowhiskers by the reaction of SiO with CH 4 .
10) At first, SiO vapor or SiO liquid nucleus reacted with C according to reaction (3) at the graphite tube surface producing SiC nanoclusters. Then, the nanoclusters absorbed SiO and CO from Ar-CO-SiO gas mixture that promoted reactions (4) and (5) leading to a growth of SiC nanowires. At higher temperatures, SiO liquid nucleus itself can serve as a nucleation site for SiC nanowire growth. The mechanism of such a nucleation has been reported by Lee et al. 11) for silicon nanowire growth.
Several weight percents of Si, detected in the deposited nanoparticulates by XRD and XPS analysis, were formed by the SiO disproportionation (1) . If the nanoparticles were carried off rapidly enough from high temperature zone to cooler parts of the graphite tube and filter, the reaction between SiO and CO could be suppressed by kinetic reasons.
That is a possible explanation of the reason why the SiC concentration in the deposit collected at these parts was significantly lower than that at high temperature locations. However, a part of condensed SiO particles could be captured by growing SiC nanowires at higher temperature zones. Here, the suboxide layer composition can be close to SiO 2 which is thermodynamically stable in the CO-containing atmosphere at T < 1700 K. The SiO 2 layer is assumed to protect the silicon nanoparticles from reacting with CO at comparatively high temperatures of 1310 to 1620 K at which both the Si and SiC crystallites were detected according to Fig. 1 and Table 1 . Moreover, since higher temperatures should enhance the rate of SiO disproportionation, the size of Si crystallites grown increases with deposition temperature. This is suggested by estimations of crystallite size according to the Scherrer equation presented in Table 2 .
Thus, based on the above results, one can indicate the key parameters influencing the characteristics of the synthesized nanomaterials. If the process aims at producing more SiC nanowires, gas flow conditions must provide a long residence time of SiO-CO gas mixture above graphite or another substrate preheated up to enough high temperature. On the other hand, if more silicon nanoparticles are desirable, the SiO-CO gas mixture should be removed from the high temperature zone as soon as possible to suppress SiC formation. However, such a quenching of gas phase can result in a significant decrease in Si fraction in the synthesized material through a suppression of SiO disproportionation. Therefore, the carbothermic process of Si nanoparticle production should be realized in two steps. The first step is the synthesis of silicon suboxide nanoparticles as described above. The second step is the annealing of the obtained nanoparticles under a reducing atmosphere at an optimal temperature.
Conclusions
Different silicon based nanoparticulates were synthesized by high temperature carbothermic reduction of silica-rich melt to SiO vapor and by transfer of the vapor with CO and Ar carrier-gas to lower temperature zones where the vapor was deposited on the surfaces of graphite tube and filter. Characterization of the obtained deposit allowed the following conclusions.
(1) At higher temperatures, 1320-1570 K, the deposit presented mainly smoothly curved SiC wires with diameter ranging from 20 to 100 nm and length up to several microns. In most cases, the nanowires were covered with silicon suboxide sheath. Besides the nanowires, the deposit contained nanocrystallites of Si embedded into a formless amorphous matrix of silicon suboxide. (2) At lower temperatures, <920 K, the deposit consisted of single rounded nanoparticles with diameter of 30-50 nm. The particles were composed of amorphous silicon suboxide of which composition was close to SiO. HRTEM observations revealed that a part of nanoparticles contains nanocrystalline Si nuclei with diameter of 3-8 nm. (3) In the intermediate temperature range, the deposit was mainly formed by nanoparticle chains and agglomerates although short-cut nanowires were also observable sometimes. The nanoparticles agglomerates were contained Si nanocrystallites surrounded by amorphous silicon suboxide. The size of nanocrystallites ranged from a few nanometers to about 50 nm.
